ABSTRACT: Two series of lanthanide benzenedicarboxylates of the general framework formula [M 2 (2,2′-bipy) 2 (C 8 H 4 O 4 ) 3 ] (M ) Y, Gd, and Dy) have been prepared employing hydrothermal methods, and their structures were determined by single-crystal X-ray diffraction. Both the structure types contain only one type of secondary building units (SBU), which are connected differently giving rise to two-and three-dimensional (2-or 3-D) structures. While the 2-D structure is related to an augmented square lattice, the 3-D one closely resembles the CdSO 4 structure. This is the first observation, to our knowledge, of a CdSO 4 structure in the coordination polymers containing the rare earth ions. The formation of these structures has been rationalized from the connectivity between the building units, which clearly indicates that the framework structures are related. All the compounds have been characterized by powder X-ray diffraction, elemental analysis, infrared (IR) spectroscopic, thermogravimetric analysis (TGA), and photoluminescence studies.
Introduction
Metal-organic framework (MOFs) compounds have attracted the attention of synthetic chemists because of their applications in the areas of catalysis, sorption, separation, luminescence, nonlinear optics, etc. [1] [2] [3] [4] [5] Intense research during the past decade or so resulted in a large number of MOF compounds with novel structures and interesting properties. Most of these compounds have been prepared employing hydrothermal methods. One of the recent developments in this area has been the use of retrosynthesis, 6 modular chemistry, 7 and supramolecular chemistry 8 approaches for stabilizing novel MOF compounds. Of particular interest is the use of reticular synthesis employing discrete metals or metal clusters as nodes and multifunctional organic ligands as linkers to form secondary building units (SBU), which are further connected to result in inorganic default structures. [9] [10] [11] In many MOF compounds, especially those belonging to 3d transition elements, the commonly observed SBU has been a paddle wheel. The 4f systems, on the other hand, appear to have more than one type of building unit, presumably due to the higher coordination preferences of the lanthanide ions. 12 In the area of MOF compounds, there has been a growing interest in studying polymorphic structures. 13 The topologies of the polymorphic structures appear to be governed by many factors, 14 such as the geometry around the metal ion, 15 the conformational flexibility of the ligands, 16, 17 the solvent, 18 and the various weak interactions. 19, 20 In addition, the effect of additives in the reaction mixtures on the ensuing polymorphic structures has also been investigated recently. 21 We have been investigating the formation of new inorganic framework structures based on 4f elements. In synthesizing new benzenecarboxylates of lanthanide ions, we sought to employ a secondary ligand, such as 2,2′-bipyridne (2,2′-bipy), to effectively reduce the available coordination sites for bonding with carboxylate anions. During the course of such investigations, we have now discovered two new isophthalate coordination compounds, [M 2 -(2,2′-bipy) 2 , with 2-and 3-D structures. The structures of both compounds are unique and appear to be topologically related, formed by the same SBUs. The two structures are the result of the use of different secondary amines in the otherwise similar synthetic compositions. While I possess an augmented square lattice structure with a (4,4) net topology, II forms with the CdSO 4 type structure. The CdSO 4 structure has been discussed at length in the literature in recent years [22] [23] [24] and is related to the mercuric sulfate structure. 25 Both compounds have only one type of building unit and may be considered a special case of polymorphism of the framework structure, since the total formulas between the compounds are different. To our knowledge, this is the first time a CdSO 4 structure has been realized in a 4f element system. In this paper, the synthesis, structure, and the structural relationship between I and II are presented.
Experimental Section
Both I and II were prepared by hydrothermal methods employing 1,3-benzenedicarboxylic acid (isophthalic acid, 1,3-BDC) in the presence of different secondary amines (SA). An SA is generally required, presumably, to help in the deprotonation of the benzenedicarboxylic acid. Typically, a mixture of the composition M(NO 3)3/2(1,3-BDC)/ 3(2,2′-bipy)/3(SA)/555H2O at 180°C for 72 h in a 23 mL PTFE-lined stainless steel autoclave yielded a crop of pure single crystals (yield ∼ 80%). In the present synthesis, the use of piperidine as the SA resulted in I, while piperazine or NaOH led to the formation of II. The Y compound in both I and II was found to be a mixture of phases. For the single-crystal structure analysis of the Y compound, we carefully selected the crystal which closely resembled that of Gd and Dy. We have not been able to prepare a single phase material containing Y, despite many repeated attempts. The initial characterizations, in both cases, were carried out using powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), and infrared (IR) spectroscopic studies. The powder XRD patterns were recorded on crushed single crystals in the 2θ range 5-50°using Cu KR radiation. The XRD patterns indicated, in the case of Gd and Dy, that the products were new materials; the patterns were entirely consistent with simulated patterns based on the structures determined using the single-crystal X-ray diffraction. Elemental analysis: for I, calcd(obsd) for Gd, C ) 47. 17(47.11) Single-Crystal Structure Determination. A suitable single crystal of each compound was carefully selected under a polarizing microscope and glued to a thin glass fiber. Crystal structure determination by X-ray diffraction was performed on a Siemen's Smart-CCD diffractometer equipped with a normal focus, 2.4 kW sealed tube X-ray source (Mo KR radiation, λ ) 0.71073Å) operating at 40 kV and 40 mA. An empirical absorption correction based on symmetry equivalent reflections was applied using the SADABS program. 26 The structure was solved and refined using the SHELXTL-PLUS suite of program. 27 All the hydrogen atoms of the carboxylic acids were initially located in the difference Fourier maps, and for the final refinement the hydrogen atoms were placed geometrically and held in the riding mode. Final refinement included atomic positions for all the atoms, anisotropic thermal parameters for all the non-hydrogen atoms, and isotropic thermal parameters for all the hydrogen atoms. Full-matrix least-squares refinement against |F| 2 was carried out using the SHELXTL-PLUS 27 suite of programs. Details of the structure solution and final refinements for compounds I and II (M ) Y, Gd, and Dy) are given in Tables 1  and 2. CCDC 268101-268106 contain the supplementary crystallographic data for all the compounds. The data can be obtained free of charge from the Cambridge Crystallographic Data Center, Cambridge, UK via www.ccdc.cam.ac.uk/data_request/cif.
Results and Discussion
The structure of I consists of a network of MO 6 Table 3 .
The structure of I can be described based on simple SBUs. Thus, two MO 6 N 2 units are connected by the carboxylate anions forming a paddle wheel-like SBU as shown in Figure 1a . The SBU is formed by two 2,2′-bipy ligands and six carboxylate linkers. All the six carboxylates linkers have the same type of connectivity with the metal centers. To understand the structure, it is preferable to differentiate the isophthalates as acid-1 and acid-2, respectively. It may be noted that, of the six vertices of the paddle wheel-like SBU, only four vertices are available for bonding with neighboring SBUs as two vertices are bonded to terminal 2,2′-bipy ligands (Figure 1a) . Thus, each paddle wheel unit is connected to four other paddle wheel units involving six 1,3-BDC anion linkers (two acid-1 and four acid-2). This gives rise to two SBUs being connected by two 1,3-BDC units (acid-2), and the remaining two by one 1,3-BDC unit each (acid-1). This kind of bonding gives rise to a 2-D structure with apertures ( Figure 1b) . As can be noted, the connectivity 1.325 (7) 1.330 (7) 1.324(9) N(3)-C (15) 1.341(6) 1.335 (7) 1.348(9) N(4)-C(20)
1.332 (7) 1.336 (7) 1.329(10) N(4)-C (16) 1.343 (7) 1.344 (7) 1.354 (10) a Symmetry transformations used to generate equivalent atoms: #1 -x + 2, -y, -z + 1; #2 -x + 2, -y, -z; #3 -x + 2, -y -1, -z; #4 x, y -1, z. Table 4 .
The structure of II also possesses identical paddle wheellike secondary building units as I. In II, the connectivity between the SBUs through the 1,3-BDC units gives rise to similar (4,4) 2-D nets. The observed 3-D structure of II, then, is due to the presence of a second identical 2-D layer in a direction perpendicular to the first layer (Figure 2 ). The water molecules occupy the channel spaces within the structure (Figure 2 ). More importantly, strong hydrogen-bond interactions exist between the water molecules giving rise to a pseudo one-dimensional (1-D) ladder-like arrangement. It is highly likely that the position of the water molecules and its hydrogen-bond interactions with the framework oxygen atoms would have resulted in the formation of a 3-D structure with interpenetrating 2-D layers. This cross-linking of the (4,4) 2-D net gives rise to an unusual arrangement and a novel structure. This unique structure can be described as a "Lincoln log" arrangement. 2 Whitesides and co-workers 28 described the mesoscale assembly of polyurethane rods in which adjacent rods lie at right angles to each other as Lincoln logs. This orthogonal stacking of the (4,4) augmented square nets in II is identical to the CdSO 4 network (Figure 2) .
The room temperature solid-state photoluminescence properties for all the compounds of I and II were investigated. The studies clearly indicate that all the compounds show similar photoluminescence behavior (Figure 3) . When excited at 252 nm, the Gd compound exhibited a shoulder at 340 nm and a main peak at 390 nm. The emission peak at 390 nm can be assigned to the intraligand π* f π or π* f n transitions of the 1,3-BDC units or the 2,2′-bipy ligands. To test this assignment of the emission bands, we have carried out the photoluminescence studies on the sodium salt of 1,3-BDC, which also exhibited similar emissions at 390 nm. Hence, this emission cannot be assigned as ligand-to-metal-charge-transfer (LMCT) or metal-to-ligand-charge-transfer (MLCT). 12, 29 The Dy Distances for II,  [M2(C10N2H8)2(C8H4O4)3]‚H2O (M ) Gd, Dy, and Y) 
2.548 ( compound exhibits a main peak at 410 nm along with peaks at 470 and 570 nm, when excited at 351 nm ( Figure 3 ). Like the Gd compound, the main emission peak corresponds to the π* f π or π* f n transitions and the smaller peaks corresponds to the Dy 3+ ion centered emission peaks. The peaks at 470 and 570 nm can be assigned to 4 F 9/2 f 6 H 15/2 (∼470 nm) and 4 F 9/2 f 6 H 13/2 (∼570 nm) transitions. 30 In the coordination polymers of the benzene carboxylates, CH‚‚‚π and π‚‚‚π interactions appear to play a crucial role in stabilizing the crystal structure. In the present compounds, we observe both CH‚‚‚π and π‚‚‚π interactions that involve the 1,3-BDC units and the 2,2′-bipy ligands. To have a better insight and to understand the role of such interactions in the stability of I and II, we have performed preliminary calculations using the AM1 parametrized Hamiltonian available in the Gaussian program suite. 31 These calculations show two interactions in the 2-D structure, I, and three interactions in the 3-D structure, II (Figure 4a,b) The 2-D structure of I has one π‚‚‚π and one CH‚‚‚π interaction. The calculated π‚‚‚π interaction energy of 4.93 kcal/ mol arises from the interactions between the two antiparallel 2,2′-bipyridine units with a distance of 3.6 Å and an angle of 6.5°between the aromatic rings (antiparallel arrangement) (Figure 4a ). The CH‚‚‚π interaction occurs between the two layers involving the C-H of the 2,2′-bipy and the π ring of the 1,3-BDC with the CH‚‚‚π distance of 2.8 Å and the interaction angle of 70° (Figure 4b ). The calculated energy for this CH‚‚ ‚π interaction is 1.16 kcal/mol. The 3-D structure, II, possesses two CH‚‚‚π and one π‚‚‚π interactions. One of the CH‚‚‚π interactions is between the 1,3-BDC C-H and the π ring of the 2,2′-bipy unit, with a CH‚‚‚π distance of 2.76 Å and an interaction angle of 53°. The calculated energy for this interaction is 4.16 kcal/mol. The second CH‚‚‚π interaction is between the C-H of the 2,2′-bipy unit and the π ring of the 1,3-BDC with a CH‚‚‚π distance of 2.9 Å and an interaction angle of 65°. The calculated energy for this interaction is 2.9 kcal/mol. The π‚‚‚π interaction occurs between the 2,2′-bipy units; a distance of 3.6 Å and an angle of 4.5°have been observed between the aromatic rings (Figure 4c) . The calculated energy for this interaction is 3.3 kcal/mol.
It may be noted that the structures of I and II appear to be devoid of any appreciable hydrogen-bond interactions, commonly observed in many inorganic-organic hybrid compounds. In the absence of hydrogen-bond interactions, it is clear that the weak CH‚‚‚π and the π‚‚‚π interactions are the dominant interactions existing in both structures, lending some stability to these structures. There is now a general consensus that this interaction falling in the moderate energy scale (3-10 kcal/ mol) acts to bind molecules together in the crystal. It is likely that this interaction would be used as an important parameter in the design of new solids. It is likely that the study of similar systems would open up new avenues for our understanding of the nature of CH‚‚‚π and the π‚‚‚π interactions and their role in the structural stability.
From the structural point of view, it is important to note that both I and II have identical building units. A careful analysis of the building units reveals that there are orientational differences between the paddle wheel units. The orientational differences in the SBUs appear to be the result of connectivity by the two types of 1,3-BDC units (acid-1 and acid-2). The 1,3-BDC along with the 2,2′-bipy units are arranged to maximize the π‚‚‚π interactions. In I, each paddle wheel unit is connected to four other paddle wheel units by six 1,3-BDC linkers ( Figure  1a ). This is, in a way, similar to the SBU with four vertices as four carboxylate units connect only two SBUs. This arrangement can now be visualized as a (4,4) net with a augmented square lattice as shown schematically in Figure 5a . In II, the four connected networks are further connected orthogonal to each other giving rise to the augmented CdSO 4 structure. A schematic of the arrangement of the two square nets are shown in Figure  5b .
From the synthesis point of view, it may be noted that both I and II are formed from the same synthesis mixture, albeit a different secondary amine was employed for deprotonating the 1,3-BDC in II. Since both compounds have been prepared from identical synthesis mixtures, it is likely that the same building unit is present in solution in both cases, and a spontaneous assembly of the building units could have facilitated the formation of I and II. Unlike the open-framework phosphate structures, 32 our present understanding of the formation of the MOF phases is poor. It is likely that the secondary amine added during the reaction to facilitate the deprotonation of the acid could have played a subtle role during the assembly of the SBUs into 2-and 3-D structures. This scenario may be compared to the additive induced polymorphism reported in the literature recently. 21 Although the framework formula for both I and II are different, II contains one molecule of water in its framework. As the framework has been formed by only one type of building units in both structures, it can be considered as a special case of polymorphism, wherein the same building units are involved in the formation of two distinct structures of different dimensionalities. The water molecules, present in II, appear to form hydrogen-bonded dimers, which probably influences the arrangement of the 2-D (4,4) nets into three dimensions. The arrangement of water molecules in II is quite unique forming a ladder-like arrangement in two directions that are mutually perpendicular (Figure 2 ). It is quite clear that the water molecules are important in the formation of the 3-D structure of II. It is likely that the lower-dimensional structure (I) could be the precursor for the higher-dimensional one (II), as such concepts have been well developed in zinc phosphates. 32 Further work is required to understand and unravel the formation of these complex structures.
